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CONDENSED MATTER PHYSICS

Optical generation of high carrier densities in 2D

semiconductor heterobilayers

Jue Wang'#, Jenny Ardelean®*, Yusong Bai'*, Alexander Steinhoff*>, Matthias Florian®,
Frank Jahnke?, Xiaodong Xu® Mackillo Kira®!, James Hone?*, X.-Y. Zhu'*

Controlling charge density in two-dimensional (2D) materials is a powerful approach for engineering new electronic
phases and properties. This control is traditionally realized by electrostatic gating. Here, we report an optical ap-
proach for generation of high carrier densities using transition metal dichalcogenide heterobilayers, WSe,/MoSe,,
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with type Il band alignment. By tuning the optical excitation density above the Mott threshold, we realize the phase
transition from interlayer excitons to charge-separated electron/hole plasmas, where photoexcited electrons and
holes are localized to individual layers. High carrier densities up to 4 x 10" cm ™ can be sustained under both pulsed
and continuous wave excitation conditions. These findings open the door to optical control of electronic phases in

2D heterobilayers.

INTRODUCTION

Two-dimensional (2D) transition metal dichalcogenides (TMDCs)
are emerging platforms for exploring a broad range of electronic, op-
toelectronic, and quantum phenomena. These materials feature strong
Coulombic interactions, making them ideal for studying highly
correlated quantum phenomena as a function of charge carrier den-
sity. Seminal demonstrations include, among others, charge density
waves and superconductivity in TiSe, and MoS, by electrostatic gating
(1-4). These exciting demonstrations have been possible due to the
high charge carrier densities (~10"* cm™?) achievable with ionic liquid
gating. Under bias, a capacitive electrical bilayer is formed between the
charge carriers in the 2D material and counter ions in the liquid.
Among the limitations of using a liquid as dielectric is that controlling
charge carrier density requires gate switching near room temperature,
but the appearance of interesting electronic phases occurs mostly
upon cooling on hour time scales under the gate bias. Alternatively,
in TMDC type II heterobilayers, photoexcited electrons and holes
separate on femtosecond time scales (5, 6) to form oppositely charged
monolayers. While these spatially separated electrons and holes form
Coulomb-bound interlayer excitons (7-10), the insulating exciton gas
can be transformed to conducting charge-separated electron/hole
(e/h) plasmas if excitation density is increased to above the Mott
threshold (npor) (11, 12), as illustrated schematically at the top
of Fig. 1 for the WSe,/MoSe; heterobilayer studied here. The Mott
transition has been observed in optically excited monolayer and bi-
layer WS, (13), but the electron and hole plasmas exist in the same
material, which remains charge neutral. In contrast, TMDC hetero-
bilayers host spatially separated electrons and holes with long lifetimes
(7-10, 14). Therefore, these systems offer a unique opportunity to con-
trol high carrier densities in individual 2D monolayers. In this case,
the resulting e/h bilayer across the heterointerface in the presence of
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photoexcitation, particularly under continuous wave (CW) conditions,
resembles the capacitive electric bilayer in an ionic-gated 2D material.
Here, we use photoluminescence (PL) spectroscopy and time-resolved
(TR) reflectance spectroscopy to demonstrate optically driven Mott
transition from interlayer exciton to charge-separated e/h plasmas in
the WSe,/MoSe, heterobilayer. The experimental findings are sup-
ported by calculations from quantum theory. The achieved carrier den-
sity is as high as 4 x 10" cm™, more than two orders of magnitude
above the Mott density.

RESULTS

Experiments: Mott transition from interlayer exciton to
charge-separated plasmas

We use transfer stacking to form WSe,/MoSe, heterobilayers en-
capsulated by hexagonal boron nitride (h-BN), with the two TMDC
monolayers aligned within the light cone (15) for radiative interlayer
exciton emission (twist angle 8 = 4° + 2° from K/K or K/K’ stacking),
with a dark heterobilayer sample with 6 = 13° + 2° (from K/K or K/K’
stacking) as control (see fig. S1 for optical images and figs. S2 and S3
for monolayer alignment). The WSe, and MoSe, monolayers are ex-
foliated from flux-grown single crystals, each with defect density
<10"" cm™, two orders of magnitude lower than in commonly used
commercial crystals (16). This is critical for suppressing defect-
mediated nonradiative recombination previously seen to dominate
TMDOC heterobilayers (6) and for sustaining high excitation density
in the charge-separated e/h plasmas. All measurements are carried
out with the samples at 4 K in a liquid helium cryostat. The spectro-
scopic measurements include steady-state PL with CW excitation
(hv = 2.33 eV), TRPL with pulsed excitation (hv = 2.33 eV; pulse
width, 150 fs), and transient reflectance spectroscopies with pulsed
excitation (hv = 1.82 eV; pulse duration, 150 fs) (see fig. S4 for the
experimental setup). At both excitation photon energies, we calculate
the absorptance (percentage of incident light absorbed; see fig. S6) to be
8% at the low excitation density limit based on the reported dielectric
functions of WSe, and MoSe, monolayers (17). We carefully calibrate
experimental electron/hole density, #ep,, by including the saturation of
absorptance from self-consistent Maxwell semiconductor Bloch equa-
tion calculations (see figs. S8 and S9 and table S1). Under the experi-
mental conditions used here, we find the measurements completely
reproducible, i.e., there is no sample damage due to laser excitation.
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Fig. 1. Excitation density-dependent PL and Mott transition in the WSe,/MoSe, heterobilayer. PL spectra (A) and intensity-normalized PL spectra (B) from a BN-
encapsulated WSe,/MoSe, heterobilayer with 6 = 4° + 2° angular alignment between the two monolayers. a.u., arbitrary units. The spectra were obtained with CW
excitation at hv = 2.33 eV and calibrated excitation densities (n.,) between 1.6 x 10'°and 3.2 x 10" cm™2 at 4 K. The spectral region (hv > 1.51 eV) corresponding to PL
emission from monolayers WSe, and MoSe; is multiplied by a factor of 30. Also in (A) is PL from monolayer WSe; (green) and monolayer MoSe; (blue). Shown on the 2D
pseudocolor (normalized intensity, //lp, where Ip is peak intensity) plot in (B) are contours of 50% (solid curve) and 25 and 75% (dashed curves) of Ip. (C) Integrated
intensities (left axis) of interlayer (1.2 to 1.5 eV, solid black circles) and intralayer (1.51 to 1.80 eV, open black squares) PL emission, full width at half maximum (FWHM) of
the interlayer exciton peak (open red triangles, right axis) as a function of nep,, and integrated intralayer PL intensities (solid gray squares) from a BN-encapsulated WSe,/
MoSe; heterobilayer with 8 = 13° + 2° angular alignment. (D) Computed joint electron/hole populations in the K valleys for interlayer exciton (black) and intralayer

excitons in MoSe, (blue) and WSe, (green). The top of the figure is a cartoon illustrating the Mott transition in the WSe,/MoSe, heterobilayer.

However, damage to other heterobilayer samples has been observed for
laser excitation exceeding the upper limit shown here.

Figure 1A shows the CW PL spectra from the WSe,/MoSe; hetero-
bilayer with ,y, spanning over four orders of magnitude (1.6 x 10'° to
3.2 x 10" cm™?), achieved by varying excitation power density from
p = 0.5 W/em” to 1.5 x 10° W/cm”. We quantitatively calibrate the
equilibrium excitation density based on ng, = F - ¢ - 15, where F is
the incident photon flux, ¢ is the absorptance, and 1, is the population
decay time constant determined in TRPL; both 6 and 1, are numerical
functions of #,, (see below) determined systematically through our
computations and measurements, respectively. A complete set of
spectra with normalized peak intensities is shown for the 1.31 to
1.41 eV region in Fig. 1B. Also shown in Fig. 1A are PL spectra of MoSe,
(blue) and WSe, (green) monolayers. The former is characterized by
the neutral exciton (Xy;) and the trion, while the latter consists of a
series of peaks assigned to exciton (Xyy), trion, biexciton, etc., in
agreement with previous reports (18-21). At ng, <1 X 10" cm™ in
the heterobilayer, PL from intralayer excitons is completely quenched,
while interlayer exciton (IX) emission with Ejx = 1.3566 + 0.0005 eV
(at ne, = 1.6 x 10'° em ™) dominates (7, 22). The IX peak grows with
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1, and blue shifts only by ~8 meV in the entire excitation density range,
as is known for coupled (23) and uncoupled (24) III-V quantum wells.

To experimentally detect the Mott transition, we plot in Fig. 1C the
nen dependences of the integrated intensities from interlayer PL (solid
black circles) and its spectral full width at half maximum (FWHM;
open red triangles), along with the intralayer PL (open black squares)
integrated over the 1.50 to 1.75 eV energy rage. The interlayer emis-
sion peak broadens substantially when the theory-assigned #p o = 3 %
10'? cm ™2 (vertical dashed line; see below) is crossed. The corre-
sponding FWHM increases by as much as a factor of four, verifying
that excitons (and the narrow linewidth they sustain) are absent above
NMot- We also observe that intralayer PL, corresponding to broad
emission from MoSe, and/or WSe, monolayer(s), reappears and grows
for ne, >1 x 10'* cm™. As the charge-separated e/h plasmas form at
Nen > Nvow the band offsets between the two TMDC monolayers are
reduced due to both band renormalization and charge separation. The
latter can be understood from a simple capacitive model (see “The ca-
pacitor model for charge separation across the WSe,/MoSe; heterobi-
layer” section in the Supplementary Materials), which predicts from
the e/h charge separation a voltage buildup, AVc. This AV can cancel
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out the initial ~300 meV band offset (14), leading to the repopulation of
the conduction (valence) band of WSe, (MoSe,) and to intralayer ra-
diative recombination. This interpretation is supported theoretically
(Fig. 1D), which shows the computed source for PL emission, i.e.,
the probability of simultaneously finding electrons and holes in the
K valleys of WSe, (green), MoSe, (blue), and between the two mono-
layers (black). The experimental onset of intralayer PL matches perfect-
ly with the rise in the computed spontaneous emission source for
MoSe,, while PL from WSe, remains suppressed. Further support
for this interpretation comes from PL measurement on the control
sample of a WSe,/MoSe, heterobilayer with 6 = 13° + 2° alignment.
The large momentum mismatch between the K (or K') valleys across
the interface means that the interlayer excitons are nonradiative
(10). We observe no measurable IX emission, but only intralayer
PL at ng, >> nypor (solid gray squares in Fig. 1C; see fig. S10 for the
PL spectra).

We determine the lifetimes of interlayer exciton emission using
TRPL under pulsed excitation (hv = 2.33 eV; see fig. S5 for the instru-
ment response function, which gives a time resolution of ~40 ps).
Figure 2A shows TRPL data in the broad initial excitation density
range of 1o = 1.1 x 10" to 6.0 x 10> cm™. The corresponding time-
integrated PL spectra (Fig. 2B) are similar to the CW PL spectra in
Fig. 1A (see fig. S11 for direct comparisons). The PL decays at low
excitation densities (10"°"" cm™) are close to single exponentials,
with a decay time constant of Ty = 200 + 40 ns. As n, increases, par-
ticularly above 71y, the PL decay becomes faster and exhibits a major
deviation from single exponential. This behavior is expected for plas-
ma luminescence, as demonstrated in various III-V quantum well
systems (25). Above the Mott transition, luminescence from the e/h
plasmas scales approximately with 7.,>. In addition, carrier density
may decay nonradiatively, e.g., via Auger recombination that scales ap-
proximately with 7g,’. As a result, PL decays faster at higher carrier
densities, but this is difficult to analyze quantitatively due to the vary-
ing Auger scattering cross sections resulting from the expected density-
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Fig. 2. TRPL emission from interlayer excitons in the WSe,/MoSe, heterobilayer.
The sample at 4 K is excited by pulsed laser (hv = 2.33 eV; pulse duration, 150 fs).
The energy-integrated emission from the interlayer exciton [see spectra in (B)] is
detected as a function of time (A) for initial excitation densities of (from bottom to
top) no=1.1x10"%,3.0x 10'%, 94 x 10'°,3.0 x 10,94 x 10'",3.0 x 10'%, 87 x 10",
2.5 x 10", and 6.0 x 10" cm™ (C) Initial decay time constants (solid circles) as a
function of ne. The solid line is the biexponential fit to the data.
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dependent Coulomb screening. Figure 2C plots the initial PL decay
time constant as a function of n,. Our PL lifetimes are one to two orders
of magnitude longer than those of previous reports on WSe,/MoSe,
heterobilayers (7, 22, 26), suggesting the suppression of nonradiative
recombination in the less defective TMDC samples used here. These
long PL lifetimes are essential to reaching excitation density well above
the Mott threshold and to obtaining high steady-state n., under CW
excitation, as #y, is proportional to To.

To further explore the properties of charge-separated e/h plasmas
in the WSe,/MoSe, heterobilayer, we apply transient reflectance spec-
troscopy (time resolution ~40 fs; see fig. S5), which has been used
before to probe excitons and electron-hole (e-h) plasma in TMDC
monolayers (13) and charge separation in heterobilayers (5, 6). We
excite the samples with a 150-fs pulse at 1.82 eV and probe the change
in reflectance using broadband white light (1.2 to 1.8 eV). We present
transient reflectance, AR/R,, as a function of pump-probe delay (At),
where AR = R — Rg; R is the reflectance at At, and R, is the reflectance
without the pump. At the 2D limit and low excitation densities, AR/Ry is
proportional to transient absorption (27). Figure 3 (A to D) shows pseu-
docolor plots of transient reflectance spectra in a broad range of excita-
tion densities. At ny < npjor (Figure 3, A or B), each spectrum is
dominated by two prominent photobleaching peaks at ~1.62 and
~1.70 eV, attributed to the reduction in oscillator strength (6) of transi-
tions in monolayers WSe, and MoSe,, respectively. The induced ab-
sorption signal (red) on the sides of the main bleaching peaks can be
attributed to shifts in intralayer transition energies resulting from
competing effects of screening/Pauli blocking of the Coulomb interac-
tion and band renormalization. Note that, at 1y < nyjon, AR/Ry is neg-
ligible below 1.5 eV, including the IX region. This is expected as the
oscillator strength of the interlayer exciton is two orders of magnitude
lower than those of the intralayer excitons in each monolayer (28). The
absence of AR/R, signal below 1.5 eV is evident in horizontal cuts at
selected At values, shown for 1y = 1.0 x 10" cm ™ in (Fig. 3E).

In agreement with the CW results in Fig. 1A, transient reflectance
spectra under pulsed excitation reveal plasma formation above the
Mott density. At ny = 5.6 x 10> or 3.4 x 10" cm ™ (Fig. 3, C and
D), the spectra show, in addition to bleaching of intralayer exciton
transitions, broad induced absorption extending to the low energy
end (~1.3 eV) of the probe window. These broad features are evident
in horizontal cuts (spectra) at short pump-probe delays, as shown for
Mo = 3.4 x 10" cm™ in Fig. 3F. This broad absorption feature is the
optical signature of a 2D plasma, which consists of broad induced ab-
sorption (positive) extending to the renormalized bandgap and gain
(negative) just above the bandgap (13, 29).

While the spectroscopic measurements presented here were ob-
tained at 4 K, we have also carried out PL measurements as functions
of both excitation density and temperature up to 48 K (fig. S12). The
broadening of PL emission peak across the Mott density is similarly
observed at temperatures >4 K. However, the decrease in the excitonic
emission intensity with temperature and the broadening due likely to
exciton-phonon scattering make the quantitative analysis of the Mott
transition less reliable at higher temperatures. Note also that the cur-
rent manuscript focuses on the transition from interlayer excitons to
charge-separated e/h plasmas in the WSe,/MoSe, heterobilayer; the
Mott transitions from intralayer exciton to e-h plasma have also been
observed in transient reflectance spectra for individual WSe, or MoSe,
monolayer (figs. S13 and S14). In the latter case, the e-h plasma is not
charge separated and is overall charge neutral, similar to the observa-
tion of Chernikov et al. (13) on WS, monolayer and bilayers.
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Fig. 3. Density-dependent transient reflectance spectra from the WSe,/MoSe, heterobilayer. The WSe,/MoSe, heterobilayer was excited at hv = 1.82 eV with
initial excitation densities of no = (A) 1.0 x 10", (B) 9.6 x 10", (€) 5.6 x 10'% and (D) 3.4 x 10'> cm™ at a sample temperature of 4 K. The excited sample is probed with a white
light, and the pseudocolor scale is AR/R, (blue , bleaching; red, induced absorption). Transient reflectance spectra at selected pump-probe delays (At) at ng = (E) 1.0 X 10" and
(F) 3.4 x 10" cm™ are also shown. The probe regions around 1.55 eV are blocked out due to low intensity and noise from white light which was generated by 1.55-eV laser
light. Kinetic profiles obtained from vertical cuts at (G) 1.351 and (H) 1.624 eV in the 2D pseudocolor plots at the four n, values.

Theory: Optical responses of interlayer exciton and

e/h plasmas

To calculate the optical properties of photoexcited TMDC hetero-
bilayers, we solve the semiconductor Bloch equations (SBE) (30, 31)
for the microscopic interband polarizations yi®(t)

dhe

h e h h
dt 3 Yk (ko +€ro + zkA,SXCH + 2y xR (1) —

(1= f& = FOPE() + Z Wikowif (1))

(1) =
(1)

with a weak external probe field E(f) incident perpendicular on the
TMDC heterobilayer. The photoexcited electrons and holes generated
by a strong pump field are described in quasi-equilibrium by Fermi
distribution functions f’. The linear susceptibility

1(©) = e Wi (0)d" /E(0) (2)

in the frequency domain is used in a second step to derive reflectance
and absorptance spectra, as detailed below.

In the SBE, material properties enter via band structures £, screened
Coulomb matrix elements W, and dipole matrix elements dy. Band
structure renormalizations due to photoexcited carriers are given by
the screened-exchange-Coulomb-hole self-energy Xy ¢y, while plasma
screening is described by a dielectric function in the long-wavelength
approximation via Wk =g l Vk % (31). The band structure of
the unexcited MoSe,-WSe, heterolayer is modeled under an effec-
tive mass approximation for the relevant conduction and valence band
valleys as shown in fig. S8. The energetic ordering of the bands is
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inspired by first-principle calculations (14) while we adjust the band
edges to match our experimental reflectance spectra. We assume that
the effective masses are approximately given by the masses of the re-
spective monolayers as provided in (32). For the Q and I valleys, we
average over both materials. The band edges and masses are collected
in table S1.

The Coulomb interaction between carriers located in different TMD
layers is significantly weaker than the intralayer Coulomb interaction
due to the spatial separation of carriers in growth direction. To account
for this effect, we use model Coulomb matrix elements in a 2D layer
basis | a) = {| MoSe,), | WSe,)}

= Zap ¢ (k)e’ (K)c(k)ca (K) Vil (3)

where the contribution of a certain layer o to the band a is given by
| ¢ (k) | %. We assign layer contributions according to the first-principle
results in (14) as given in table S1. The matrix elements VB are
modeled by a macroscopic dielectric function € qll)aﬁ and a form
factor F3® according to

2
oy __ €
Vq =—

—L,aB mop
€ F
Zgoq q,b

q

(4)

The dielectric function for each layer combination is obtained by
solving Poisson’s equation for the respective dielectric structure (33)
as shown in fig. S9. The dielectric constants of the TMD materials are
computed as geometric mean of the values given in (34), where also
layer widths are provided. The dielectric constant of h-BN is taken
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from (35). The layer substrate distance /1; = 0.5 nm has been found to
be an appropriate value in (33), while we assume that the two TMD
layers are slightly closer to each other using h, = 0.3 nm. The form
factor accounts for the confinement of carriers inside the atomically
thin layers via the confinement functions &%(z)

Fgﬁ = J-dzj‘dz'éa(z)iﬁ(zl)efq =2 &M (2)E% () ()

For the confinement functions, we assume eigenfunctions of the
infinitely deep potential well with two nodes due to the mostly d-like
character of electronic orbitals.

To describe light-matter interaction, we assume a circularly polar-
ized electric field selecting dipoles in the K valley between like-spin
bands. The numerical values for the intralayer dipoles are computed
using the simple lattice model from (36), where we neglect the mo-
mentum dependence. For the interlayer transition dipoles, we assume
avalue that is 10 times smaller than that in the MoSe, monolayer (28).

The SBE contains a phenomenological damping factor y, which
corresponds to the HWHM of lines in optical spectra. Because of
excitation-induced dephasing, y depends on the actual excited carrier
density. We fix the value of y at different densities by matching simu-
lated and experimental reflectance spectra. For the intralayer MoSe,
transition, this yields y = 25 meV for carrier density 7 = 1.3 x 10'> cm ™2,
y=30meV forn=19x10"2cm™ y=35meV forn=53x 102 cm™>,
and y = 50 meV for n = 3.13 x 10" cm™. For the intralayer WSe,
transition, we use a y that is 50% larger to account for the stronger de-
phasing, in accordance with the experimental reflectance spectra.

Figure 4A shows simulated transient reflectance spectra at exci-
tation densities 1y = 6 x 10!, 4 x 10'% and 3 x 10'* cm 2 obtained
from theoretical optical absorptance and the experimental sample
geometry. Also shown as comparison are experimental transient
reflectance spectra (At = 1 ps) at similar n, values Fig. 4B. The simu-
lations and experimental spectra are in excellent agreement, including
main features of bleaching of intralayer excitonic transitions for all ex-
citation densities, the broad induced absorption feature above the
Mott density, and stimulated emission near the renormalized bandgap
at ~1.3 eV. This agreement provides strong support for the conclusion
on Mott transition from the interlayer exciton to charge-separated e/h
plasmas and for the calibration of carrier density in the CW measure-
ment in Fig. 1.

Figure 4C shows calculated absorptance spectra at selected #,,
values. By determining at which #,, excitonic absorption resonance
becomes bleached, we find #1p0 = 3 x 10'% cm ™. This value is close to
fipore = 1.6 x 10" cm™ obtained from an analytical estimate (29) of
Aohpion > = 0.25 and an interlayer exciton radius of ~2 nm (14). More
specifically, we follow excitonic absorption where exciton features
gradually fade through broadening from a clear peak to transparency
and eventually to gain (24, 37). Below nyon, the presence of excitons
significantly reduces scattering. There is an accelerated broadening
after excitons cease to exist above 70 (24), and this leaves a signa-
ture in increased PL linewidth. Note that the observed increase in PL
peak width above the Mott density is much larger than what was
observed before in coupled III-V quantum wells (11, 12). The inter-
layer excitons in the 2D TMDC heterobilayer (7-10) are much more
strongly bound and less Coulomb screened than their counterparts
in III-V coupled quantum wells (11, 12); as a result, the Mott tran-
sition has a much larger effect on reducing Coulomb screening in
the former.
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In addition to revealing the Mott threshold from the disappearance
of sharp excitonic features, the theoretical absorption spectra show the
decrease in oscillator strength with increasing .y, as expected from
Pauli blocking and screening effects. Optical transparency is reached
at ng, ~4 x 10'* cm™, above which stimulated emission dominates.
On the basis of the calculated optical spectra, we obtain the #7,y,-
dependent relative absorptance (6/6,, where o, is the absorptance at
the low g}, limit) shown in Fig. 4D for two photon energies. These
calculated results are used in the calibration of experimental excitation
densities (see fig. S7).

Mechanisms of interlayer PL emission from

the heterobilayer

We now turn to the mechanism of PL emission from interlayer exci-
tons and charge-separated e/h plasmas. A comparison of TRPL in Fig. 2
and transient reflectance in Fig. 3 reveals a major discrepancy in the
time scales involved. PL decays are characterized by time constants of
~10° ns, but transient reflectance features time constants in the range of
102 ps- We show kinetic profiles (vertical cuts of transient reflectance
spectra) for two representative probe energies, hv = 1.351 and 1.624 eV,
for induced absorption (Fig. 3G) and photobleaching (Fig. 3H), respec-
tively. Figure 3G shows little induced absorption at hv = 1.351 eV for
o = 1.0 x 10" and 9.6 x 10" cm™?, as expected from the absence of
plasmas. When ny is increased above 710, We observe both positive
(induced absorption) and negative (stimulated emission) AR/R, signal,
consistent with the transformation to the charge-separated plasmas
region. For the intermediate density 1y = 5.6 x 10'* cm 2, stimulated
emission dominates. At the highest density of ng = 3.4 x 10" em™,
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Fig. 4. Calculated optical spectra of the WSe2/MoSe2 heterobilayer. (A) Simu-
lated reflectance spectra from theoretical optical spectra and experimental sample
geometry at the indicated excitation densities (nen =6 x 10" to 3 x 10"3 cm™).
(B) Experimental reflectance spectra at At = 1 ps at initial excitation densities of
no=9.6%10""1t03.4x 10" cm™2. (C) Calculated optical absorptance spectra at
Nen=1x10""to 5 x 10" cm~2. (D) Calculated relative optical absorptance as a
function of nep, at two photon energies used in the experiments.
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induced absorption dominates at At < 60 ps and stimulated emission at
At > 60 ps.

The kinetics profiles at hv = 1.624 eV (Fig. 3H) reveal the short-
time nature of photobleaching. At 15 = 1.0 x 10'", 9.6 x 10", and 5.6 x
10"* cm™, photobleaching (~AR/R,) grows with time constants of
Ty = 140 * 30 fs, attributed to the ultrafast dissociation of intralayer
excitons in each TMDC monolayer to form charge-separated states that
increase the Pauli blocking effect. The photobleaching intensity peaks in
subpicoseconds and decays on longer time scales. At 1y < mpgoy (1.0 X
10" and 9.6 x 10" cm™), bleaching intensity decays with time con-
stants of T, = 30 + 10 ps. This time constant increases above iy to
T, =90 + 30 ps and 1, = 290 + 60 ps at 1y = 5.6 x 10'* and 3.4 x
10" cm™?, respectively. There is a three order of magnitude difference
between the time constants for PL decay (tpr) and those of photo-
bleaching recovery (t,). The fast recovery in photobleaching cannot
result from the loss of photoexcited charge carriers to recombination
but rather to the scattering of these carriers away from the K valley.
Computational studies on the WSe,/MoSe;, heterobilayer have shown
that the conduction band is lower in energy at the Q point than that
at the K point, while valence band energy at the I' point is close in
energy to that of the K point (14). Following charge separation, inter-
valley scattering transfers carrier populations in the K valleys to the Q
and T valleys. This process reduces Pauli blocking of optical transi-
tions in the K valleys and accounts for the 1, = 30 to 290 ps decay
time constants. Efficient intervalley carrier scattering involves optical
phonons, and its rate is decreased by screening as excitation density is
increased, thus accounting for longer 1, at higher 1y above nyjo. The
Q and T valleys serve as carrier reservoirs; the momentum-indirect
nature prohibits radiative recombination of electrons and holes in
these valleys. Instead, scattering of electrons and holes back to the
K valleys likely occurs before radiative recombination happens. This
explains the long PL lifetimes on the 10> ns time scale. In a similar
proposal, dark traps have been suggested as exciton reservoirs for
slow PL emission in monolayer MoS, (38).

DISCUSSION

The results presented here establish photoinduced charge separa-
tion at van der Waals interfaces as an effective means to control 2D
charge carrier densities. Using the heterobilayer of WSe,/MoSe,,
we show the spectroscopic signature of Mott transition from inter-
layer excitons to charge-separated e/h plasmas, in excellent agree-
ment with calculation based on a fully microscopic quantum theory.
We point out that the spectroscopy measurements probe the com-
bined responses of the electron and hole plasmas across the hetero-
bilayer interface. Resolving the individual response of the electron or
hole plasma is challenging but possible with time and angle-resolved
photoemission spectroscopy, which is underway in our laboratory
(39). The combined PL and transient reflectance measurements also
reveal the participation of intervalley scattering and dark exciton/
carrier reservoirs in radiative recombination dynamics. Photoinduced
charge separation under CW conditions allows us to reach charge
carrier densities as high as ~4 x 10"* cm ™, which is two orders of mag-
nitude above the Mott density and is at the same level demonstrated
previously for gate-doped superconductivity in TMDCs (1-4). These
findings suggest that photoinduced charge separation at van der
Waals interfaces is an effective means to realize complex electronic
phases in 2D materials, particularly photoinduced superconductivity
under CW conditions.
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MATERIALS AND METHODS

Preparation of 2D WSe,/MoSe, heterobilayer samples
Monolayers of WSe, and MoSe, were mechanically exfoliated from
bulk crystals grown by the self-flux method. These monolayers had
low defect densities (<10'' cm™2) (16). h-BN flakes of thicknesses
5 to 35 nm and of flat surfaces were also obtained by mechanical
exfoliation. The flakes (WSe,, MoSe,, and BN) were characterized
by atomic force microscopy and Raman spectroscopy.

The crystal orientations of WSe, and MoSe, monolayers were
determined by second harmonic generation (SHG) measurement
on an inverted optical microscope (Olympus IX73). Linearly polar-
ized femtosecond laser light (Coherent Mira 900, 80 MHz, 800 nm,
100 fs) was focused onto a monolayer with a 100x, numerical aperture
(NA) 0.80 objective (Olympus LMPLFLN100X). The reflected SHG
signal at 400 nm was collected by the same objective, filtered by a
short-pass dichroic mirror, short-pass and band-pass filters, and a
Glan-Taylor linear polarizer; detected by a photomultiplier tube
(R4220P, Hamamatsu); and recorded by a photon counter (SR400,
Stanford Research Systems). We obtained the azimuthal angular (8)
distribution of SHG signal by rotating either the sample (40) or the
laser polarization (41) (via a half waveplate) with fixed polarization
detection. Because of the Dj;, symmetry, the nonvanishing tensor
elements of the second-order susceptibility of WSe, and MoSe,
monolayers are X}(}}z& = —xﬁx = _Xxi; = —xg,x, where the x axis is
defined as the zigzag direction. When we rotated the sample, the
SHG intensity showed sixfold symmetry: I, o< cos*(36) and I o<
sin®(30), where 8 is the angle between the laser polarization and
the zigzag direction. When we rotated the laser polarization, the
SHG intensity showed fourfold symmetry: I, o cos*(20) and I, o<
sin?(20). We used triangular flakes of monolayer WS, (6Carbon) or
MoS, (2DLayer), where zigzag directions are the same as crystal
edges, both grown from chemical vapor deposition, to calibrate the
SHG setup.

The 2D WSe,/MoSe, heterobilayer was prepared by the polymer-
free van der Waals assembly technique (42). A transparent poly-
dimethylsiloxane stamp coated by a thin layer of polypropylene
carbonate (PPC) was used to pick up a thin layer of exfoliated h-BN.
This h-BN was then used to pick up the first TMDC monolayer. The
second TMDC monolayer was aligned to and picked up by the first
monolayer on a high-precision rotation stage. The heterostructure was
finally stamped onto a thicker layer of h-BN and detached from the
PPC at elevated temperatures (90° to 120°C). The residual PPC was
washed away by acetone to give a clean h-BN/MoSe,/WSe,/h-BN het-
erostructure on the Si/SiO2 substrate.

Figure S1 shows optical microscope images of the two BN/WSe,/
MoSe,/BN heterobilayer samples used in the spectroscopy measure-
ments shown in the main text. Figures S2 and S3 show SHG polariza-
tion data used to determine the two alignment angles, 6 = 4° + 2° and
13° + 2°, respectively.

Steady-state and time-resolved PL measurements

All spectroscopic measurements were performed on a home-built
reflection microscope system based on a liquid-helium recirculating
optical cryostat (Montana Instruments Fusion/X-Plane) with a 100X,
NA 0.75 objective (Zeiss LD EC Epiplan-Neofluar 100x/0.75 HD
DIC M27). The temperature of the sample stage could be varied be-
tween 3 and 350 K. In all experiments presented in this study, the
TMDC heterobilayer and monolayer samples were at 4 K in a vacuum
(<107° torr) environment, unless otherwise noted.
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In steady-state PL measurements,a CW laser (532 nm) was focused
by the objective to a diffraction-limited spot on the sample. The exci-
tation power was measured by a calibrated power meter (OPHIR Star-
Lite) with broad dynamic range. The PL light was collected by the
same objective, spectrally filtered, dispersed by a grating, and detected
by an InGaAs photodiode array (PyLoN-IR, Princeton Instruments).
The wavelength was calibrated by neon-argon and mercury atomic
emission sources (IntelliCal, Princeton Instruments). The intensity
was calibrated by three independent NIST traceable light sources: a
400 to 1050-nm tungsten halogen lamp (StellarNet SL1-CAL), a 250 to
2400-nm quartz tungsten halogen lamp (Oriel 63355), and a 425 to
1000-nm LED (light-emitting diode) (IntelliCal, Princeton Instruments).

In TRPL measurements, the pulsed excitation light (hv = 1.82 eV;
pulse duration, 150 fs) was from a wavelength tunable output of an
visible optical parametric amplifier (Coherent OPA 9450) pumped
by a Ti:sapphire regenerative amplifier (Coherent RegA 9050, 250 kHz,
800 nm, 100 fs). The interlayer PL emission in the 900 to 1000-nm region
was selected and focused onto a single-photon avalanche photodiode
(IDQ ID100-50). The TRPL trace was collected with a time-correlated
single-photon counting module (Becker & Hickl GmbH SPC-130). The
instrument response function, determined by collecting scattered laser
light, has an FWHM of 100 ps (fig. S5). The time resolution of TRPL was
estimated at ~20% of the FWHM,, i.e., ~20 ps.

Reflectance and transient reflectance measurements

In reflectance measurements, the broadband white light was directed
to the sample with the objective, reflected, collected by the same ob-
jective, and detected by an InGaAs photodiode array (PyLoN-IR,
Princeton Instruments). For the reflectance at the low-density limit,
the spectrally filtered and collimated white light from a 3200 K halo-
gen lamp (KLS EKE/AL) was used. Reflectance was also taken for the
white light probe in the same geometry as transient reflectance to con-
firm that it is in the linear regime. A 150-nm gold film deposited by
electron beam evaporation on the same Si/SiO, substrate was used as a
reflectance standard.

In transient reflectance measurements, femtosecond laser pulses
from the Ti:sapphire regenerative amplifier (Coherent RegA 9050,
250 kHz, 800 nm, 100 fs) was split into two beams: One was used to
pump the visible optical parametric amplifier (Coherent OPA 9450) to
generate tunable pump light, and the other was focused onto a sap-
phire crystal to generate white light continuum probe light. The pump
was then chirp compensated by a prism pair, delayed by a motorized
translation stage, modulated by an optical chopper, combined with the
probe, and directed collinearly to the sample by the objective. To
achieve homogenous excitation, average over a sufficient area, and re-
duce nonlinear effect of probe, both beams were focused onto the back
focal plane of the objective to obtain a large beam diameter at the sam-
ple plane, unless otherwise specified. The reflected probe light was
then collected by the same objective, spectrally filtered to remove pump
light, and recorded with the InGaAs photodiode array (PyLoN-IR,
Princeton Instruments). This detector was synchronized with the op-
tical chopper through a home-made frequency doubler. At each spe-
cific pump-probe delay, the reflected probe spectra with and without
pump was recorded, and the transient reflectance (AR/R) was
calculated. We determined the sign of the transient reflectance signal
by recording the chopper output with a data acquisition board (National
Instruments) triggered by the InGaAs detector. The chopper modula-
tion frequency was selected to maximize the signal-to-noise ratio of
transient reflectance signal.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/9/eaax0145/DC1

Supplementary Text

Fig. S1. 2D MoSe,/WSe, heterostructure samples.

Fig. S2. Determination of monolayer orientation via polarization-resolved SHG.

Fig. S3. Determination of monolayer orientation via polarization-resolved SHG: The case of
rotating laser polarization.

Fig. S4. Low-temperature spectroscopy-microscopy setup.

Fig. S5. Time resolution of TRPL and pump-probe experiments.

Fig. S6. Calculated optical absorptances for monolayer WSe,, monolayer MoSe,, and
WSe,/MoSe, heterobilayer based on the reported dielectric constants in (17).

Fig. S7. Calibration of steady-state excitation density.

Fig. S8. Band structure model for the AA-stacked MoSe,-WSe, heterolayer, including the
high-symmetry points " and K, as well as the Q point in between.

Fig. S9. Dielectric structure model.

Fig. S10. PL of the misaligned heterostructure.

Fig. S11. Comparison of steady-state and pulsed PL spectra at similar carrier densities.
Fig. S12. Excitation density and temperature-dependent PL spectra from the WSe,/MoSe,
heterobilayer.

Fig. S13. BN-encapsulated monolayer MoSe, and WSe, samples.

Fig. S14. Electron-hole plasma dynamics in monolayers by transient reflectance.

Table S1. Band edges, effective masses, and layer contributions for the AA-stacked
MoSe,-WSe; heterolayer according to the notation in fig. S8.
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